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INTRODUCTION 68
Clinical and experimental studies indicate that gastric mucosa of aging individuals (referred to 69 herein as aging gastric mucosa or aging gastropathy) has impaired mucosal defense, e.g., 70
reduced prostaglandin generation, decreased mucus and bicarbonate secretion, and, an impaired 71 sensory nerve response to luminal acid (6, 8, 14, 24, 26, 30, 32, 37, 38, 40) . Not surprisingly, 72 aging gastric mucosa has increased susceptibility to injury by damaging agents including non-73 steroidal anti-inflammatory drugs (NSAIDs) and ethanol (25, 29, 30, 33) . Our previous study 74 identified specific cellular and molecular abnormalities in aging gastric mucosa: hypoxia, 75 increased expression of PTEN, activation of caspases -3 and -9, and, reduced expression of 76 survivin that increase susceptibility of the gastric mucosa to injury (35). Aging gastric mucosa 77 also exhibits impaired healing of both acute injury and chronic gastric ulcers (12, 26, 32, 36, 37) 78 and reduced therapeutic efficacy of ulcer-healing drugs, including H2 receptor antagonists and 79 proton pump inhibitors (18). 80
81
We recently examined in vivo angiogenesis -new capillary blood vessel formation from pre-82 existing vessels, and the healing of gastric mucosal injury (erosions) in aging and young rats and 83 the underlying mechanisms (2). That study demonstrated that the gastric mucosa of aging rats 84 has severely reduced angiogenesis in response to injury; and, that this reduction directly 85 correlates with impaired healing of mucosal erosions. One of the main underlying mechanisms 86 of impaired in vivo angiogenesis in aging gastric mucosa is reduced mucosal expression of 87 VEGF, which is a potent and fundamental angiogenic growth factor (9-11). However, reduced 88 expression of VEGF in aging gastric mucosa was unexpected since aging gastric mucosa exhibits 89 expression levels of key importin-α isoforms and to dissect the consequences of increased and 113 reduced importin-α expression on the mechanisms that underlie the endothelial cell switch from 114 a quiescent to angiogenic phenotype. 115
116

MATERIALS AND METHODS 117
Isolation and Culture of Young and Aging Gastric Mucosal Microvascular Endothelial 118
Cells. All experimental studies in rats were approved by the institutional animal review 119 committee [Subcommittee for Animal Studies (IACUC)] of the VA Long Beach Healthcare 120
System. Gastric mucosal microvascular endothelial cells (GMEC) were isolated from Fisher F-121 344 rats: 3 months of age (young; n = 24) and 24 months of age (aging; n = 24), purchased from 122 the National Institute on Aging. We used an isolation protocol similar to that used in our 123 previous study (21). Rats were euthanized and the stomachs were removed and opened along the 124 greater curvature. The gastric mucosa was removed, cut into small pieces, and sequentially 125 incubated with collagenase II and trypsin. The resulting cell suspension was passed through 126 polypropylene meshes. Cells were then selected for PECAM-1 expression using anti-PECAM-1 127 (anti-CD31) antibody (Chemicon, Temecula, CA) by magnetic bead separation (Miltenyi Biotec  128 Inc., Auburn, CA). The endothelial cells isolated from gastric mucosae of young and aging rats -129 YGEC and AGEC, respectively were characterized by positive staining for the endothelial 130 markers, von Willebrand's factor (Factor VIII -related antigen) and PECAM-1 (CD31); and, by 131 absence of staining for the myofibroblast marker, smooth muscle α-actin. Endothelial cells were 132 grown on collagen coated dishes in endothelial cell growth media containing 10% FBS, heparin 133 and endothelial cell growth supplements. For some studies, these cells were cultured under 134 hypoxia (5% CO2: 94% N2: 1% O2) in cell culture dishes inside a modified anaerobic growth 135 chamber, similar as in our previous study (19) . In some experiments AGEC were treated with 136 either 1 mM AICAR (5-amino-imidazole-4-carboxamide ribonucleotide; Sigma-Aldrich, St 137
Louis, MO) to induce importin-α expression (5, 16, 39), or its solvent (phosphate buffered saline; 138 control) for 1, 2, 4 or 6 hours. YGEC and AGEC were transfected with either 100 nM of specific 139 importin-α1 and importin-α3 siRNA or non-targeting, non-silencing control siRNA (Qiagen, 140
Valencia, CA) using HiperFect (Qiagen, Valencia, CA). 141
142
In vitro Angiogenesis Assay. Endothelial tube formation on growth factor-reduced Matrigel 143 was determined using the in vitro angiogenesis assay similar to our previous studies (4, 20, 21) . 144 YGEC and AGEC were grown in complete growth media in 60-mm tissue culture dishes until 145 they were about 80% confluent. The growth medium was replaced with basal medium 146 supplemented with 1% FBS and antibiotics, and the cells were incubated for 18 more hours real-time PCR detection system (Bio-Rad, Hercules, CA) and methods described in our previous 159 studies (1, 2). These particular isoforms of importin-α were chosen based on the report of their 160 high affinity for HIF1α in HeLa cells (7). Total RNA was isolated from cultured gastric 161 endothelial cells using Trizol reagent (Invitrogen, Carlsbad, CA) and 1 µg of total RNA was 162 treated with deoxyribonuclease I and reverse transcribed using the GeneAmp RNA-PCR kit 163 (Applied Biosystems, Foster City, CA). Quantitative PCR on 2.5 μl cDNA was performed using 164 pre-validated QuantiTect assays (Qiagen, Valencia, CA) and the iCycler real-time PCR detection 165 system (Bio-Rad, Hercules, CA). Relative mRNA levels were calculated using the2 -ΔΔCt method 166 and glyceraldehyde-3-phosphate dehydrogenase was used as a reference. 167 168 Western Blot Analysis. Total cellular protein or cytoplasmic and nuclear proteins were isolated 169 from YGEC and AGEC using commercial buffers and kits (Pierce, Fisher Scientific, Pittsburg, 170 PA). Expression of VEGF, HIF1α, importin-α, AMPK and P-AMPK was determined in these 171 samples by Western blotting with respective specific antibodies using methods described in our 172 previous study (3). β actin was used as a reference. The primary antibodies used were against 173 VEGF (1:250, Santa Cruz Biotechnology, Santa Cruz, CA), HIF1α (1:250, Novus Biologicals, 174
Littleton, CO), AMPK and P-AMPK (1:250, Cell Signaling Technology, Andover, MA), 175 importin-α (1:500, Sigma-Aldrich, St. Louis, MO) or β actin (1:1000, Sigma-Aldrich, St Louis, 176 MO). Importin-α exists in several isoforms and the antibody used in this study recognizes 177 importins -α1, -α3, -α5, and -α7 isoforms. 178
179
Immunofluorescence staining. The expression and localization of VEGF, HIF1α and importin-180 α in YGEC and AGEC was examined by immunostaining with respective specific antibodies 181 described above using methods described in our previous study (3). The staining signal intensity 182 was quantified using MetaMorph 7.0 (Molecular Devices, Downington, PA) and expressed as 183 arbitrary units. respectively. AGEC had a 1.7-fold and 2.7-fold reduction in expression levels of importin-α1 231 and importin-α3 mRNA, respectively (both P <0.01), vs. YGEC ( Figure 4A ). AGEC had a 1.6-232 fold reduction in total importin-α protein levels (P <0.01) vs. YGEC ( Figure 4B) as 233 demonstrated by Western blotting using antibody which detects both importin-α1 and importin-234 α3 isoforms. These results showed that the expression of importin-α in gastric mucosal 235 endothelial cells closely correlates with both nuclear HIF1α levels (correlation coefficient r = 236 0.994, P <0.01) and VEGF levels (correlation coefficient r = 0.993, P <0.05). However, we used identical approaches for the isolation and expansion of YGEC and AGEC. 290
Additionally, for culturing YGEC and AGEC we used a rich growth medium containing in 291 addition to serum, several endothelial growth supplements including VEGF. Thus it is unlikely 292 that there existed a selective pressure favoring a "more fit" subpopulation over less fit/more 293 fastidious cells. 294
295
Our present study demonstrates for the first time that importin-α is critical for angiogenesis and 296 VEGF gene expression in gastric mucosal endothelial cells and that an aging-related reduction in 297 importin-α expression results in impaired angiogenesis and reduced VEGF. Our present study 298 demonstrates that, in contrast to YGEC, AGEC do not increase either in vitro angiogenesis or 299 VEGF expression in response to hypoxic conditions, likely due to a defect in the transport of 300 HIF1α (the hypoxia sensor) into the cell nuclei. Furthermore, our present study demonstrated 301 that in contrast to YGEC, AGEC do not form lumina during in vitro angiogenesis. Thus not only 302 is angiogenesis reduced quantitatively, but the quality of tube and vessel formation is also 303 severely impaired. These in vitro findings provide direct relevance to in vivo angiogenesis in 304 gastric mucosa, where endothelial lumen formation is an important feature of angiogenesis as 305 shown in our recent paper (2). Another study also demonstrated that endothelial cell tubes do in 306 fact form lumina during in vivo angiogenesis confirming that in vitro angiogenesis has a 307 relevance to the capillary blood vessel formation in vivo (22) . However the lack of lumen 308 formation in aging gastric endothelial cells during in vitro angiogenesis is an entirely novel 309 finding not reported previously. 310
311
Our study uncovered a novel, previously unrecognized role for importin-α in angiogenesis by 312 demonstrating for the first time that siRNA silencing of importin-α significantly abolishes in 313 vitro gastric angiogenesis and significantly reduces both VEGF expression and GMEC 314 proliferation. In this study we showed that pharmacologically induced upregulation of importin-315 α expression in AGEC significantly restored angiogenesis and VEGF gene expression. Thus our 316 findings with a focus on gastric endothelial cells provide an entirely new insight into the 317 mechanism regulating gastric angiogenesis in general and also the key mechanism underlying the 318 impairment of angiogenesis in aging gastric mucosa. We acknowledge however that the 319 apparent rescue of angiogenesis by pharmacological modulation of AMPK activity could reflect 320 not only importin-α overexpression but also other effects not related to importin-α. 321
The mechanism of HIF1α transport into the nuclei of gastric endothelial cells has not been 322 examined before. In some cells, e.g. HeLa cells, nuclear transport of some proteins is mediated 323 by importin-α (7, 23, 39). Our previous study in aging myocardial angiogenesis. This conclusion is further supported by our demonstration that VEGF expression 333 and in vitro angiogenesis in gastric endothelial cells can be modulated by regulating importin-α 334 levels. We showed that upregulation of importin-α in AGEC using AICAR increases VEGF 335 gene activation, VEGF gene expression and in vitro angiogenesis. This is the first demonstration 336 in AGEC that AICAR not only activates but also induces the expression of importin-α and 337 stimulates angiogenesis. Importantly, we also showed that the downregulation of importin-α in 338 YGEC using specific importin-α siRNA significantly decreases VEGF expression and 339 dramatically reduces in vitro angiogenesis in these cells. Thus, our study indicates that importin-340 α is a critical requirement for in vitro angiogenesis and that decreased importin-α levels in 341 AGEC impair the nuclear transport of HIF1α, and results in reduced VEGF expression and 342 impaired angiogenesis. and (B) Importin-α mRNA and protein expression in AGEC and YGEC was determined using 529
Real-Time RT-PCR and Western blotting, respectively. We focused on importin-α1 and 530 importin-α3 mRNA expression since these isoforms have been reported to have a high affinity 531 for HIF1α (7). Values are mean ± SD of 2 independent experiments performed in duplicate 532 (n=4). AGEC exhibit significantly reduced mRNA expression levels of importin-α1 (** P < 533 0.01) and importin-α3 (* P < 0.05); and, significantly decreased importin-α protein levels 534 compared to YGEC (* P < 0.05). (C) Importin-α expression was confirmed by 535 immunofluorescence staining using specific importin-α antibody. Matrigel. Values are mean ± SD of 3 independent experiments performed in duplicate (n=6). 569
The knockdown of importin-α1 and importin-α3 using specific siRNA in YGEC significantly 570 reduced in vitro angiogenesis vs. non-silencing control siRNA (both *** P < 0.001). In AGEC, 571 knockdown of importin-α1 and importin-α3 using specific siRNA significantly reduced the 572 already impaired in vitro angiogenesis vs. non-silencing control siRNA ( † † † P < 0.001 and † † P 573 < 0.01, respectively). (B) VEGF mRNA expression in YGEC and AGEC cultured under hypoxia 574 was determined using Real-Time RT-PCR. Values are mean ± SD of 3 independent experiments 575 performed in duplicate (n=6). The knockdown of importin-α1 and importin-α3 using specific 576 siRNA significantly reduced VEGF mRNA expression in YGEC and AGEC vs. non-silencing 577 control siRNA (all *and † P < 0.05). 578
